ABSTRACT European legislation demands that slaughter animals, including poultry, be rendered immediately unconscious and insensible until death occurs through blood loss at slaughter. This study addressed requirements for stunner settings (i.e., voltage, wave oscillation frequency) and response parameters (i.e., applied current, behavior) affecting effective water bath stunning. An inventory of current electrical stunning practice was performed in 10 slaughterhouses in the Netherlands. Thereafter, measurements were performed using a single-bird water bath to examine the effects of stunner settings based on the average technical settings observed in the slaughterhouses. Responses were recorded at 50, 400, and 1,000 Hz on broilers and hens and at 50 and 400 Hz on ducks under controlled laboratory conditions. Effects of voltage settings (broilers: 100 to 400 V; hens: 150 to 300 V; ducks: 150 to 400 V) on current levels (broilers: 45 to 444 mA; hens: 40 to 219 mA; ducks: 64 to 362 mA) and consciousness (response to pain stimulus) were recorded immediately after stunning. Brain and heart activity was monitored using electroencephalogram and electrocardiogram technology. Results show that effective stunning using the conventional water bath almost exclusively produces blood splashing in broilers. Effective stunning current levels did not differ significantly between broilers, hens, and ducks effectively stunned hens tended to require lower currents. Effective stuns at higher frequencies resulted in higher currents. Similar input voltage (V) levels (within and between bird type) resulted in significant variation (P < 0.001) in current levels (mA) required for an effective stun, indicating variability in electrical impedance between individual birds. Body weight and bird type did not affect the probability of an effective stun. Multi-bird water bath usage does not ensure effective stunning and technical adjustments can result in detrimental effects on meat quality. Future legislation should consider wave form, relationships between frequency and current allowing for individual impedance variation and effects on meat quality while safeguarding animal welfare.
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INTRODUCTION
Current European (European Community, 1993) and Dutch legislation (Staten-Generaal, 1992 demands that animals, including poultry, are immediately stunned rendering them unconscious and insensible until death occurs through blood loss at slaughter, thereby protecting the animals from avoidable pain, fear, stress, and excessive distress. Stunning should immobilize the animal to such an extent as to facilitate a swift and accurate bleeding out via a neck cut. A correctly performed neck cut will ensure that the animal does not recover consciousness and therefore limits the risk of unnecessary distress during bleeding (Raj and Tserveni-Gousi, 2000) . Additionally, it is essential that the stunning method does not have a detrimental effect on carcass and product quality (Fletcher, 1999) .
It is generally accepted that for poultry, unconsciousness and insensibility should occur immediately (within 1 s) after an electrical stun and that the bird should remain in a state of unconsciousness for the sum of time that elapses between the end of the stun and the time taken to bleed out and die. Richards and Sykes (1967) suggested that the insensibility period lasts for between 30 and 60 s in chickens and according to Gregory and Wotton (1985) , a correct bleeding can take up to 60 s. However, a minimum time lapse of 40 or 52 s, depending on the combination of stun duration and current levels, is considered a sufficient period of unconsciousness and insensibility for poultry (Gregory and Wotton, 1990; Raj, 2006) . Therefore, unconsciousness and insensibility for a duration of 60 s is considered the minimum required for effective stunning, assuming that a neck cut is performed within 30 s after stunning. However, it is considered by several scientists reviewed in earlier work (Grandin, 1997 ) that induction of cardiac arrest is often the only method that can guarantee insensibility during the slaughter procedure.
Electrical water bath stunning is the most common method used in commercial slaughterhouses throughout Europe (Fernandez, 2004) . The conventional water bath method involves immersion of the head of the bird in an electrified water bath whereby a current then flows through the body of the bird while it is being hung upside down by the legs in moving shackles.
Depending on the dimensions of the water bath, several birds are submerged (up to their shoulders) simultaneously in water. Conventionally, a metal strip in the base of the water bath forms the positive electrode and the shackles are earthed and form the negative electrode, so that the electric current passes through the bird in the direction from head to legs. The water bath is electrically live so that each bird is stunned from the moment it makes contact with water (Bilgili, 1999; Fernandez, 2004) , sometimes prematurely if the bird's wings touch the water before head submersion (Raj and Tserveni-Gousi, 2000) . Under practical conditions, the presence of several birds at the same time in the water bath creates a parallel pathway of resistance. Furthermore, shackles and framework together with the bird itself form a conductive resistance to the current and thus are potential sources of loss of electrical capacity. These sources of resistance are variable due to bird resistivity (skull bone structure and thickness; Woolley et al., 1986a,b) and shackle condition (degree of fouling, contact area with bird). These variations in resistance influence the efficacy of the stun so that some birds receive insufficient current to facilitate unconsciousness and insensibility. This can lead to problems with either bird welfare (failure to lose consciousness or rapid recovery) or product quality (hemorrhaging, bone fractures; Kranen, 1999) .
According to Kranen (1999) , there is diversity in water bath stunning. Parameters such as frequency, voltage, current, wave form, resistance of the apparatus, resistance of the birds, and dimensions of the water bath all influence the success of the stun (Kranen, 1999) . It has been claimed that in practice only about one-third of birds are effectively stunned, one-third are inadequately stunned, and the remainder undergo cardiac arrest (Woolley et al., 1986a) .The first part of this study was an inventory of current practice in Dutch slaughterhouses, examining voltage, wave form and frequency settings of water bath stunners, and measurement of the level of current (mA) at the water bath. Thereafter, measurements were performed under controlled conditions on individual birds (broilers, hens, and ducks) to determine their response [physical reflex and electroencephalogram (EEG) and electrocardiogram (ECG)] to stuns performed at varying technical settings (applied voltage and wave frequencies) based on findings from the slaughterhouse survey and legislative requirements (100 mA) for chickens (EFSA, 2004) and the requirements (130 mA) for ducks (EFSA, 2006) .
MATERIALS AND METHODS
The study was performed in 2 parts, first a survey of current practices in a selection of Dutch slaughterhouses followed by a series of controlled laboratory experiments to determine the response to various settings and parameters based partly on the findings of the survey.
Survey of Current Practices in Dutch Slaughterhouses
During 2008, a survey was performed of current practices concerning water bath stunning of poultry in the Netherlands. In 2 rounds of visits to slaughterhouses specializing in the slaughter of broilers, hen and duck information was gathered concerning the technical settings of the water bath stunners in current usage. During the first round, readings were taken in 10 slaughterhouses of the stunner settings for voltage and wave oscillation frequencies and throughput of birds and dimensions of the water bath were also recorded. Current levels were measured during the first round of visits using a hand-held oscilloscope (Fluka, Zwijndrecht, the Netherlands) at the water bath and in the shackles. Calculations for the average current passing through the individual birds were made based on the measured amount at the water bath divided by the number of birds with their heads simultaneously submerged in the water bath. Electrical impedance (R) was calculated based on the input voltage (V) and current (I) in accordance with Ohm's law (R = V/I).
During the second round, repeat visits were made to 8 of the 10 slaughterhouses and measurement of current (mA), voltage (root MS and peak), and wave oscillation frequency were performed using a prototype standalone measuring instrument (RSP BV, Zoetermeer, the Netherlands) set at standard impedance levels (1,000, 1,500, and 2,500 Ω) during 5 to 7 runs through the water bath.
Individual Measurements Under Controlled Conditions
Measurements were performed on individual birds on 16 different occasions using broilers, hens, and ducks under controlled laboratory conditions at the research facilities of Wageningen UR (Animal Sciences Group, Lelystad, the Netherlands).
During this study, all individual stunning measurements involving live birds were performed with approval of the Ethical Committee on Animal Experiments of the Animal Sciences Group of Wageningen UR in Lelystad.
Birds
Eight batches of broilers (147 birds in total) were obtained from a commercial slaughterhouse for the individual measurements. Four batches of ducks (75 in total) were obtained from a slaughterhouse specializing in duck slaughter. The hens used for this study were provided by the poultry research unit in Lelystad (38 hens) and by a commercial free-range producer (45 hens).
Details concerning the origins and breeds of birds involved were not noted. Birds used for the individual measurements were collected each morning (maximum 25 per day) at a slaughterhouse and slaughtered within 8 h of collection. This process was repeated each day that individual measurements were performed over a period of several months (April to November 2008). Use of differing batches was considered to improve the representativeness of the experimental population in relation to common practice.
Experimental Procedure
All individual stuns were performed using a purposebuilt stunner (type: IMARES), used in earlier studies (Lambooij et al., 2008 ) producing a square alternating current (AC) wave. Voltage was preset and current delivered was measured at point of entry to the water bath using an AC-direct current current probe (type A622, measurement range: 50 mA to 100 A, Tektronix Inc., Beaverton, OR) connected to an oscilloscope (model TDS2024, Tektronix Inc.).
Broilers and hens were stunned at oscillation frequencies of 50, 400, or 1,000 Hz and ducks at 50 and 400 Hz (1,000 Hz not being used on ducks in practice according to results from survey). These individual stuns were performed to assess the efficacy of regulatory current levels (i.e., 100 mA at 50 Hz for broilers and hens or 130 mA for ducks) adapted in relation to frequency and voltage input settings to produce a current that was considered sufficient to provide an effective stun, assuming (initially) an impedance of 1,000 Ω per bird. The selected voltage settings were preset using a resistor. All stuns were administered for a duration of 5 s.
ECG and EEG
Heart and brain activity were measured using ECG and EEG technology before and after stunning. For registration of the EEG, 2 needle electrodes (55% silver, 21% copper, 24% zinc; Engelhard-Clal, Carteret, NJ) of 10 mm in length and a diameter of 1.5 mm were positioned under the skullcap by pressing through the skin and skull onto the brain lobes 0.3 cm left and right of the sagittal suture and 0.5 mm toward an imaginary transverse line at the caudal margin of the eyes. The electrodes were fixed with medical tape. Electrocardiogram patterns were registered using 2 needle electrodes (same metal composition as above) of 35 mm in length and 1.5 mm in diameter placed subcutaneously at the left and right side of the breast under each wing. These ECG measurements were analyzed to determine heartbeats per minute and any rhythmic disorders. To minimize signal distortion, an earth-connecting electrode (same dimensions and type as for ECG) was placed subcutaneously in the dorsal region of the bird. The electrodes were connected to a registration and recording device using isolated and coaxial shielded wires. The microvoltage signals of the brain and heart were amplified using a biomedical amplifier (model BMA-931, CWE Inc., Ardmore, PA) and continuously recorded using Windaq computer software (DATAQ Instruments, Akron, OH).
After adjustment of the wave form generator (Agilent 33220A, Agilent Technologies Inc., Santa Clara, CA), a stun was performed with the chosen wave form (square AC) at a set frequency delivered for 5 s.
The EEG recordings were analyzed for changes in frequency and in amplitude. The ECG recordings were analyzed for heart rate and cessation of heartbeat (isoelectric ECG). Analyses were based on observation of the signal and fast Fourier transformation.
Determination of Response
The response to a pain stimulus (comb pinching in broilers and hens; skin pinching on the head and touching the eyelid in ducks) was observed for each bird 30 s, 1 min, 2 min, and each minute thereafter up to a maximum of 5 min after onset of stunning. This process was terminated after 2 consecutive positive reactions to limit the amount of distress to the bird.
Upon completion of the observation period, the bird was stunned again to ensure unconsciousness during slaughter and bled immediately (<20 s) by neck cutting. After bleeding for 2 to 3 min, each bird was weighed using a digital weighing scale [Toledo ID7, Mettler (Albstadt) GmbH, Albstadt, Germany]. Thereafter, in the case of broilers, carcasses were examined for signs of blood splashing in the breast and leg muscles.
An effective stun results in immediate unconsciousness after stunning with a recovery after an elapse of 1 min after completion of the stun. Unconsciousness was determined as the following: 1) In general terms, changes in EEG frequency, more specifically, the suppression of α (8 to 13 Hz) and β (>13 Hz) waves together with the occurrence of theta (4 to 8 Hz) and delta (<4 Hz) waves after stunning (Mattsson et al., 1972; Forslid, 1987; Raj et al., 1998; Takahashi et al., 2001; Gerritzen, 2006) indicate unconsciousness. This view is supported by Prinz (2009) , who states that lack of activity in the band frequency 13 to 30 Hz after electrical stunning of chickens indicates loss of sensibility. 2) A grand mal characterized by mainly high-amplitude 8-to 13-Hz activity on the EEG and tonic-clonic seizures is also an indicator of unconsciousness (Lambooij, 1981; Raj and O'Callaghan, 2004) . 3) Failure to respond to a pain stimulus and absence of an eyelid or cornea reflex were taken to be further indicators of loss of brain responsiveness (Gregory and Wotton, 1989; Raj and TserveniGousi, 2000) .
Recovery is considered to be indicated by reoccurrence of α (8 to 13 Hz) and β (>13Hz) waves. The EEG signal returns to the same pattern as before stunning.
Furthermore, a response to comb pinching and the recurrence of controlled eye movements and cornea reflex indicate a conscious state. In our study, an isoelectric EEG alongside absence of heartbeat was taken as indication of death.
An effective stun was regarded to have taken place when a bird failed to recover within 1 min poststunning. Recovery was based on physical reflex responses (e.g., head shaking or eye movement) to a comb pinch and supported by recovery of α and β waves.
Statistical Analysis
This study was analyzed as a split-plot design using statistical software (VSN International, 2008) , which involved different combinations of poultry type (broiler, hen, or duck) and frequency (50, 400, or 1,000 Hz) distributed within date of execution.
The analysis was divided into 2 processes:
1) The influence of voltage (x) on current requirement (mA) per bird (y); individual variation in milliamperes being caused by variation in impedance between birds. 2) Effect of current (mA) passing through the bird (x) on probability of a successful stun (y). The chance of a successful or unsuccessful stun is considered to be a binomial characteristic (yes/no).
The schematic is
The models based on current levels are
where Y ijk = current level of the kth bird of type i at frequency j; β 0 = intercept: current estimated at voltage = 0 at BW = 0; β 1 = increase in current per unit increase in voltage; model parameterization is such that β 1 is estimated for reference bird type broilers at a reference frequency of 50 Hz; δ i = deviations in current level increase per voltage unit for alternative bird types i; category 2 = duck; category 3 = hen; λ j = deviations in current level increase per voltage unit for alternative frequency step j; step 2 = 400 Hz; step 3 = 1,000 
The model to indicate success of stun is
[2]
where Y ijk = chance of successful stun of the kth bird of type i at frequency step j; β 0 = intercept: estimated stun chance at current = 0 mA; model parameterization is such that β 0 is estimated for reference type broilers at reference frequency step 50 Hz; α i = difference level at intercept (on logit scale) for stun chance of alternative bird type i; category 2 = duck; category 3 = hen; β 1 = increase in stunning chance (on logit scale) per unit (mA) increase in current; model parameterization is such that β 1 is estimated for the reference bird type broilers at reference frequency step 50 Hz; δ i = deviations in stun chance increase per milliampere for the alternative bird category i; category 2 = duck; category 3 = hen; λ j = deviation in stun chance increase per unit milliampere for an alternative frequency step j; step 2 = 400 Hz; step 3 = 1,000 Hz; S = current level (in mA) measured during stun of each individual bird; and e s day day Ñ ; 0 2 ( ) = random effect of day of measurement (i.e., variation between groups). Residual variation (including measurement errors and between-animal variation) depends on effectiveness of stun. However, variation per individual observation is p(1 − p).
RESULTS

Survey of Current Practices in Dutch Slaughterhouses
Results from the survey of slaughterhouses in the Netherlands (summarized in Table 1) indicated that considerable variation exists in voltage settings (35 to 250 V), oscillation frequency (50 to 2,000 Hz), impedance (650 to 2,630 Ω), and current (20 to 216 mA) levels. In addition, the dimensions of the water bath varied considerably, allowing any number from between 4 and 27 birds to be in the water bath simultaneously.
This implies that the time taken for passage of the birds through the bath can vary from between 4 and 33 s depending at which location the bird is slaughtered. Consequently, the time taken to pass through the bath varies the birds' exposure time to the stunning current.
Individual Measurements Under Controlled Conditions
Results from measurements performed on broilers, hens, and ducks, using a single-bird water bath, have been summarized per bird type and wave frequency. These results are presented in Table 2 .
Broilers
Frequency 50 Hz. Broilers stunned at a frequency of 50 Hz (Figure 1 ) were effectively stunned with a current averaging 114 (SD ± 44; range: 45 to 229) mA. These results demonstrate that almost all (except one) of the broilers were effectively stunned. More than 90% (n = 47) died including some (n = 17) stunned below 100 mA. Two of the 20 broilers that received currents of 90 and 96 mA, respectively, were rendered unconscious for 1 to 2 min. These results were supported by the loss of α and β waves on the EEG.
Inspection of the broiler carcasses after stunning at 50 Hz and exsanguination revealed that 34 broilers (67%) displayed blood spots, most (85%) of which died during the stunning procedure. The broiler carcasses with blood spots (n = 34) were from birds stunned at currents ranging from 45 to 240 mA, of which 15 (44%) of these were stunned in the range from 45 to 99 mA, which is below recommended levels (EFSA, 2004) . Frequency 400 Hz. The 46 broilers stunned at 400 Hz received on average 174 (SD ± 56; range: 54 to 274) mA (Figure 1 ). Approximately 48% (n = 22) of the broilers stunned at 400 Hz died, all of which received a current in the range from 150 to 275 mA. Fourteen broilers were stunned below 150 mA (range 54 to 149 mA). Four broilers (stunned at 54, 90, 115, and 130 mA) remained conscious and 8 stunned at currents between 57 and 137 mA recovered within 1 min. One was effectively stunned at 149 mA and recovered (reappearance of α and β waves) within 2 min; another was stunned at 130 mA and responded to a comb pinch after 3 min.
In total, 10 broilers were stunned at or above 150 mA; two of these remained conscious after a stun at 150 and 156 mA, respectively. Six broilers stunned at 155 to 201 mA responded to a comb pinch within 1 min, a broiler stunned at 216 mA responded to a comb pinch within 2 to 3 min, and another stunned at 198 mA took longer than 3 min to respond. Examination of the carcasses after bleeding revealed blood spots in 35% (n = 16) of the birds that received currents ranging between 150 and 250 mA., of which 81% died during the stunning procedure.
During this study, insults were measured (lasting for 3 to 28 s) in 9 of the 46 broilers stunned at 400 Hz with currents ranging from 57 to 201 mA.
Frequency 1,000 Hz. Fifty broilers were stunned at a frequency of 1,000 Hz (Figure 1 ) with a current averaging 245 (SD ± 126; range: 65 to 444) mA. After stunning for 5 s at a frequency of 1,000 Hz, 3 birds stunned at, respectively, 99, 107, and 131 mA remained conscious. Twenty-two broilers responded to a pain stimulus within 1 min, 15 of which had been stunned between 65 and 175 mA. Eleven broilers were effectively stunned, 9 displaying responses to a pain stimulus between 1 and 2 min (five of which had received a current between 107 and 180 mA). Two broilers, stunned at 330 and 430 mA, displayed longer response intervals.
Blood spots were observed in 18% (n = 9) of the 50 carcases, 88% of which died during the stunning procedure. Fourteen of the 50 broilers stunned at 1,000 Hz displayed insults lasting from 2 to 12 s at currents between 68 and 180 mA.
Hens
Frequency 50 Hz. Seventeen of the 39 hens stunned at 50 Hz died (44%; Figure 2) . Nine of the birds that died were stunned at currents below the recommended level in the range between 40 and 98 mA. Approximately 46% (n = 18) of the hens stunned at 50 Hz received currents ranging between 40 and 112 mA and displayed intervals of up to 2 min before a pain stimu- Figure 1 . Effectiveness of stunning broilers for 5 s in a single-bird water bath with a square alternating current wave delivered at frequencies of 50, 400, or 1,000 Hz. Birds remaining unconscious for longer than 1 min poststun or those that died were considered to be successfully stunned (yes). Birds that did not lose consciousness or showed signs of recovery within 1 min were unsuccessfully (no) stunned. Color version available in the online PDF. lus response. Of these, 16 were stunned between 40 and 96 mA, 15 of which responded to a comb pinch within 1 min. Eleven of the hens stunned at 50 Hz were stunned between 100 and 150 mA; of these, two (at 109 and 112 mA) regained consciousness within 1 min and nine were effectively stunned, eight of which died and one (115 mA) responded to a comb pinch between 2 and 3 min after stunning.
Frequency 400 Hz. Hens (n = 18) stunned at an oscillation frequency of 400 Hz (Figure 2 ) received on average 83 (SD ± 27; range: 48 to 136) mA. Electroencephalogram and ECG measurements indicate that 14 of the 18 hens (78%) stunned at 400 Hz either remained conscious (n = 2; receiving 133 and 136 mA) or responded to a comb pinch within 1 min (n = 12; receiving 48 to 109 mA) after stunning. The remaining 4 hens were considered to be effectively stunned, two taking between 1 and 3 min to respond to a comb pinch after receiving 123 and 78 mA, respectively. One hen that had received 73 mA responded after 3 min and one stunned with 63 mA died.
Frequency 1,000 Hz. Hens stunned at a frequency of 1,000 Hz (n = 19) (Figure 2 ) received on average 102 (SD ± 51; range: 43 to 219) mA. Approximately 79% (n = 15) of the hens responded to a comb pinch within 1 min, most (n = 13) of which were stunned with currents between 43 and 143 mA and two were stunned at 207 and 219 mA. One hen stunned at 157 mA took approximately 2 min to respond to a comb pinch and a further 3 hens receiving between 50 and 69 mA took longer than 3 min to respond to comb pinching Ducks Frequency 50 Hz. The 44 ducks stunned at a frequency of 50 Hz (Figure 3 ) received on average 156 (SD ± 49; range: 77 to 243) mA. Approximately 25% (n = 11) of the ducks stunned at 50 Hz were stunned at currents between 77 and 125 mA. Eight ducks receiving between 80 and 162 mA responded within 1 min after stunning to a pain stimulus. Thirteen ducks received between 79 and 230 mA and responded within 1 to 2 min. Four ducks (stunned at 149 to 215 mA) responded to a comb pinch between 2 and 3 min and a further 2 ducks that had received 131 and 176 mA, respectively, responded after the allotted recovery time of 3 min. The majority (n = 15) of deaths (isoelectric EEG) occurred at currents ranging between 140 and 245 mA (11 of which were above 180 mA) and 2 ducks died at currents below 100 mA.
Frequency 400 Hz. Ducks (n = 31) stunned at a frequency of 400 Hz (Figure 3 ) received on average 160 (SD ± 79; range: 64 to 362) mA. Approximately 35% (n = 11) of the ducks stunned at 400 Hz were stunned at current levels in the range 64 to 126 mA. Three of these 11 ducks were effectively stunned, two respond- Figure 2 . Effectiveness of stunning hens for 5 s in a single-bird water bath with a square alternating current wave delivered at frequencies of 50, 400, or 1,000 Hz. Birds remaining unconscious for longer than 1 min poststun or those that died were considered to be successfully stunned (yes). Birds that did not lose consciousness or showed signs of recovery within 1 min were unsuccessfully (no) stunned. Color version available in the online PDF.
ed between 1 and 2 min, and the third died during the recovery period. Six of the 11 responded to a pain stimulus within 1 min and two did not lose consciousness. Nineteen of the remaining 20 ducks were effectively stunned at higher current levels (range: 136 to 362 mA). One duck (stunned at 136 mA) responded to a pain stimulus within 1 min of stunning, 17 regained consciousness within 1 to 3 min, and two displayed an isoelectric EEG and were considered to be dead.
Application of Statistical Models
Models Based on Current Levels. Broilers, hens, and ducks differed significantly (P ≤ 0.001) in current level requirements when stunned at similar voltage levels. Hens especially displayed lower requirements for levels of current (P ≤ 0.001). Wave oscillation frequency also displayed a significant influence on the current levels required for an effective stun. At 1,000 Hz, the average level of current (mA) required for an effective stun is significantly (P = 0.001) lower than for 50 or 400 Hz at similar voltage levels.
Considerable variation was observed between measurement days and within day of measurement. This is taken as an indicator of variation in impedance between groups of the same types of bird and within groups (between individuals).
Addition of BW to the model (model [1a]) provided only a slight improvement in account of variance. Residual variation for the prediction equation fell from 863 to 742 when BW was included. In general, within type (broiler, hen, or duck), the heavier birds tended to require higher current levels to facilitate an effective stun when similar voltage levels were applied. Although there is a slight effect attributable to BW (P ≤ 0.001), it is considered preferable to present a model excluding BW (model [1b] ). The 95% confidence limit of the expected current level for each individual bird is probably the best indicator of the variation in response. Within a group, this interval can be computed as follows: ±2 × s (square root of the residual variation). Using the data from this study this equates to ±60 mA. In other words, for any group chosen at random, 5% of the birds will receive a current that deviates by more than ±60 mA from the group average, indicating that for a recommended effective stunning current of 100 mA, the expected range within which an effective stun can be expected can vary from 40 to 160 mA.
Linear estimates were made for effective currents according to model Effectiveness of stunning ducks for 5 s in a single-bird water bath with a square alternating current wave delivered at frequencies of 50 or 400 Hz. Birds remaining unconscious for longer than 1 min poststun or those that died were considered to be successfully stunned (yes). Birds that did not lose consciousness or showed signs of recovery within 1 min were unsuccessfully (no) stunned. Color version available in the online PDF. This results in an estimated current of 94 mA for this duck. During the experiments, a duck stunned at 165 V with a wave oscillation frequency of 400 Hz was recorded to have received a current of 87 mA; the predicted value (94 mA) falls within the expected range of efficacy (40 to 160 mA).
Model to Indicate Success of Stun. No significant difference was observed in chance of a successful stun with either broilers, hens, or ducks at similar currents. There is, however, a significant (P < 0.001) difference in the stun chance as a function of the current level at different frequencies (Hz steps). A wave oscillation frequency of 400 Hz has a lower intercept (chance of successful stun at very low currents) and at 1,000 Hz displays a much lower increase in chance of success with increasing currents (Figure 4) . Therefore, the chance of success at 400 and 1,000 Hz by stuns performed at relatively lower currents is reduced.
Day of measurement had a considerable effect on the results, which serves as an additional indication of the (natural) variability between birds and groups of birds.
Estimates were performed using model [2] to determine whether bird type influences the chance of a successful stun, the results of which are illustrated in Figure 4 . However, caution is advised because the effect for hens within this model remains uncertain because too few stuns were performed with hens to compute the significance of this factor. This prediction model is used here to illustrate the probable effects of frequency and bird type on the probability of an effective stun based on current levels measured: Example of Model Application. Using the same example as above for a duck stunned at 400 Hz with 165 V with a measured current of 87 mA, the probability (P) of an effective stun is then calculated as follows: where Logit P = −1.1313 and P = 0.244. Therefore, in this case, a duck receiving a current of 87 mA stunned at a frequency of 400 Hz is calculated to have a probability of 0.244 of receiving an effective stun. In our experiments, 2 ducks received a current of 87 mA at 400 Hz and both recovered within 1 min.
DISCUSSION
Present legislation on electrical stunning of broilers stipulates a current of 100 mA based on a sinus wave form delivered with a frequency of 50Hz for at least 4 s. In practice, as results from our survey of 10 Dutch slaughterhouses suggest, increasing use is being made of higher frequencies such as 400 and 1,000 Hz. It has been reported (EFSA, 2004 (EFSA, , 2006 Raj, 2006; Raj et al., 2006 ) that higher frequencies require higher levels of current to induce an effective stun. The results from the survey also indicate considerable variation in the circumstances under which broilers, hens, and ducks are presently being slaughtered in electrical water baths used in the Netherlands. In particular, the variation in numbers of birds (4 to 27) that are simultaneously present in the bath and duration (4 to 33 s) of the stun are important parameters that influenced the effectiveness of the stun on state of consciousness and meat quality. Additionally, the survey also displayed the potential variation in impedance (650 to 2,630 Ω), voltage (35 to 250 V), and current (20 to 216 mA) levels that can be encountered in practice.
Results from the measurements on individual birds show that broilers stunned at 50 Hz can be effectively stunned at between 45 and 240 mA, of which 39% received a current below the recommended 100 mA (EFSA, 2004) . In the survey, an average current of 103 (range 20 to 133) mA was calculated from the data compiled. Statistical analysis of the data from the individual measurements would tend to support this range in effective stuns (95% probability of a range from 40 to 160 mA for 100 mA as average current) with broilers. The broad range (97 to 199 mA) in effective currents has been observed in earlier work showing epileptiform EEG in broilers receiving 100, 150, or 200 mA at frequencies of 400 and 1000 Hz, making it difficult to determine the threshold current necessary to induce an epileptiform EEG as described in earlier work .
Essentially it is the current that each individual bird receives that is important for an effective stun and it has been stated (Sparrey et al., 1993 ) that poultry display a large variation in impedance, not just between species but also within flocks, as has been shown during this study. Therefore, birds entering a conventional water bath form a constantly changing parallel circuit and each bird receives a current inversely proportional to the sum of the impedances encountered along the parallel chain, as derived from Ohm's law and Kirchoff's current and voltage laws. According to calculations based on these principles (Sparrey et al., 1993) , broilers are considered to have an effective impedance of between 1,000 and 2,600 Ω, hens between 1,900 and 7,000 Ω, and ducks between 1,100 and 2,400 Ω. Impedance level estimates based on the data from our survey show ranges for broilers from 680 to 1,500 Ω and during the individual measurements 800 to 3,900 Ω, for hens from 650 to 2,000 and 1,300 to 5,000 Ω, and for ducks from between 1,100 and 2,170 Ω in the survey to 900 to 2,800 Ω from experiments using the single-bird water bath, thus showing a wider range of impedance in broilers from this study and a narrower impedance range with hens. The range in impedance encountered in ducks from the survey was similar to that found by Sparrey et al. (1993) , but there was a greater range in the impedance levels of the ducks used in the individual experiments. These findings indicate once again the potential variation to be encountered and serve to accentuate the difficulties of predicting an optimum current for effective stunning of broilers, hens, or ducks. Blood spots continue to pose a problem in poultry processing where stunning at higher frequencies has been suggested as a possible solution (Gregory, 2005) , with the argument being that stunning at frequencies above 450 Hz would induce a more even muscle contraction reducing muscle tension and reducing the incidence of hemorrhaging. Effective stunning of broilers, even at higher frequencies, increases the incidences of blood splashing. According to Kettlewell and Hallworth (1990) , no excessive carcass damage was encountered in at least 90% of broilers when stunning induced heart fibrillation, in the range of 105 to 120 mA. During this study, broilers stunned at 50 Hz died in the range of 45 to 220 mA, 39% of which were stunned below the EFSA recommended level. Increasing the frequency to 400 Hz resulted in 48% of broilers dying after stuns above recommended levels. Approximately 86% (12) of the 14 stuns performed with broilers below the EFSA recommendation resulted in short periods of unconsciousness (i.e., no loss of consciousness or recovery within 1 min). Stuns with broilers performed at a frequency of 1,000 Hz gave 50% unacceptable results, of which 36% were performed below EFSA recommendations. These physical recovery observations are similar to the effects seen with turkeys (Mouchonière et al., 1999) , in which the duration of unconsciousness decreased as wave oscillation frequency increased.
The results from this study lead the authors to question the validity of present recommendations set at 100 mA for broilers and hens or at 130 mA for ducks for those animals stunned at frequencies higher than 50 Hz. It is clear from the results of this study that effective stuns, even at higher frequencies, require higher currents to produce a state of unconsciousness that will endure for longer that 1 min, to allow neck cutting to take place at the slaughterhouse and ensure that the birds are dead before entry to the processing plant. However, with broilers, the risk of blood spots in muscle tissue remains an important issue for poultry meat producers. The indications are that stunning at higher frequencies using the conventional multi-bird water bath method while decreasing the incidence of blood splashing increases the percentage of ineffective stuns. Increasing stunner voltage settings to ensure higher currents will increase the incidences of blood splashing.
It is concluded that the present multi-bird water bath should be phased out in preference to a system that ensures a constant current supply to each bird and eliminates the live shackling of birds. Furthermore, it should be discussed whether higher frequencies (i.e., 1,000 Hz or above) are desirable. Future (European Union) legislation should take into account the relationship between frequency and currents required to facilitate effective stunning while safeguarding animal welfare.
